For a cryopreservation protocol to be successful or to provide optimal results, experimental conditions for each of its successive steps must be optimized. This paper presents some of the parameters, which have to be considered during the establishment of a cryopreservation protocol for clonal crop species.
INTRODUCTION
The number of publications on plant cryopreservation has increased steadily since the beginning of the 90s from around 10 in 1994 to around 70 in 2012. This is due to the development of two vitrification-based techniques, the so-called vitrification technique established by the late Professor Sakai (Sakai et al., 1990 ) and the encapsulationdehydration developed by the late Professor Dereuddre (Dereuddre et al., 1990) .
A number of vitrification-based techniques have been developed since that time, including vitrification, encapsulation-dehydration, pregrowth-desiccation, encapsulationvitrification, droplet-vitrification and use of cryoplate. Logging on the Web of knowledge and typing the name of the technique and plant as topics provides a more precise idea of Proc. II nd IS on Plant Cryopreservation Ed.: B.M. Reed Acta Hort. 1039, ISHS 2014 the number of papers published for each of them. Ninety-three and 113 papers were found with the words vitrification and encapsulation-dehydration in the title, respectively, with year of first citation in 1993 in both cases. Encapsulation-vitrification (Matsumoto et al., 1995) appeared first in 1995 and till date has produced close to 30 papers. The next big change occurred with the publication of the droplet-vitrification technique in 2005 (Panis et al., 2005) , which totals to 50 papers today. Finally, the most recent was the cryoplate technique developed by Takao Niino's group in Japan , which has already produced four papers since 2011.
The most recent comprehensive review on the current status of cryopreservation is the book edited by Reed (2008) even though it is already five years old. This book lists over 200 species for which cryopreservation protocols have been attempted and or developed. Many of these species are cultivated plants, which are propagated vegetatively. Various reasons explain the success of cryopreservation for vegetatively propagated species. Firstly, many of these species are cultivated plants, for which in vitro propagation protocols are available. In vitro cultured material is homogeneous, rapidly growing and miniaturized. Shoot tips employed for cryopreservation contain numerous mesistematic cells, whose characteristics (small size, dense cytoplasm, limited vacuolization) makes them more likely to withstand dehydration and liquid nitrogen (LN) exposure. The vitrification-based techniques employed usually preserve the whole meristem structure and explants used are generally of relatively large size, making regrowth rapid and direct. As a consequence, routine, large-scale application of cryopreservation protocols is taking place in an increasing number of genebanks and botanic gardens. Another consequence is that we have now experimental models to perform fundamental studies related to cryopreservation. Such studies will allow us to get a better understanding of biological and physical phenomenons occurring during a cryopreservation process. In turn, this better understanding will allow us to further develop improved and simplified cryopreservation protocols.
The establishment of a cryopreservation protocol requires that conditions be optimized for all its successive steps, whatever the technique selected (Engelmann, 2004) . These successive steps are the following: the choice of the starting material, taking in consideration the structural and physiological characteristics of explants and motherplants; the pregrowth or preculture; the cryoprotection step followed by cooling and warming and growth recovery of cryopreserved explants.
The objective of this paper is to examine each step of a cryopreservation protocol. For each of these steps, the importance of some parameters on the overall success of a cryopreservation protocol will be highlighted. Some of these parameters are well known but others are not always taken into consideration or systematically studied, even though they can have a dramatic impact on the final results. Some selected examples illustrating how analytical studies allow to better understand the mechanisms taking place during cryopreservation will also be provided.
SUCCESSIVE STEPS OF A CRYOPRESERVATION PROTOCOL

Choice of Starting Material: Characteristics of Explants
One important parameter is the size of explants. In experiments performed with pear shoot tips, Scottez (1993) showed that, whatever their size, control shoot tips displayed very high regrowth, between 88 and 100%. After cryopreservation, small (1-2 mm long) and intermediate (3-4 mm) explants showed regrowth percentages comparable to those of non-cryopreserved controls. By contrast larger ones (5-6 mm) showed a sharp decrease in regrowth percentage. This decrease in recovery is due to the fact that large explants may not be sufficiently or homogeneously dehydrated by the cryoprotective treatment and that thermal gradients may occur during cooling and rewarming, leading to the death of cryopreserved samples. Brison et al. (1997) , who were the first to report on the effect of cryopreservation to eliminate viruses from shoot tips, studied the effect of shoot tip size in relation to cryotherapy. Increasing the size of shoot tips from 0.3-0.5 mm to 1.5-2 mm had a positive effect on regrowth of controls and of cryopreserved samples. As could be expected, for controls, the percentage of virus-free shoot tips decreased in line with increasing shoot tip size. In the case of cryopreserved explants, the percentage of virus-free shoot tips did not change significantly depending on their size. Such a result could in fact be expected, since whatever the size of shoot tips (in the range of sizes tested in this experiment), the meristematic cells which are devoid of virus, will withstand LN exposure while more differentiated cells of the more or less large basal part of explants will be damaged by cryopreservation.
The physiology and structure of buds may have an impact on their tolerance to cryopreservation. In this way, already in 1988, Dereuddre et al. performed very interesting experiments to study such parameters. Buds sampled at different levels of the stem of carnation plantlets, starting from 1 for the apex to 11 for buds sampled at node 11, were cryopreserved separately and the effect of their position on the shoot on their tolerance to LN exposure was studied. There was a progressive decrease in survival, in line with increasing ranking of buds from the apex. Such a result might be explained by differences in the structure of buds along the stem as well as by gradients in apical dominance between buds. These authors performed another experiment with carnation. Using 5 to 9 nodes of stock plants, they initiated single node cultures and sampled apices originating from the growth of original axillary buds after different time periods, from 0 to 60 days. They observed that survival of cryopreserved shoot tips increased progressively from 0 to 15 days of single node culture, reaching almost 100% for durations equal or longer than 15 days. It is interesting to note that this value was similar to that obtained in the experiment studying the effect of rank of bud on the stem.
In 2003, Charoensub et al. performed a similar experiment with cassava. They produced single node cultures with one leaf, which they transferred on growth medium for 7 to 28 days before sampling shoot tips for cryopreservation. The highest regrowth after cryopreservation was achieved with shoot tips sampled from 21-day-old shoots, a period, which corresponded to the production of shoots of a specific length and with shoot tips of a specific size and structure.
Another important parameter is the structure of the meristem, as shown by Thinh et al. (2000) . Shoot tips of five species including banana, Cymbidium, Cymbopogon, pineapple and taro were cryopreserved with their meristem either uncovered, partially covered and fully covered. The results showed that with all five species studied, partially covered meristems displayed higher survival followed by uncovered ones. Fully covered ones displayed very low survival except for Cymbidium, which showed intermediate survival. These results have to be linked with differences in contact between the meristematic dome, from which growth takes place, and the cryoprotective solution in meristems with these different structures.
This series of experiments confirm the importance of looking for the optimal physiological and developmental stage of shoot tips used for cryopreservation.
Choice of Starting Material: Characteristics of Mother-Plants
Mother-plants from which shoot tips are sampled can also be manipulated to modify their tolerance to cryopreservation. A classical procedure often employed with cold-tolerant species is cold hardening of mother-plants. Scottez (1993) showed that recovery of cryopreserved pear shoot tips progressively increased, from nil without cold acclimation, to close to 60%, after cold acclimation at 4 weeks at 4°C. Interestingly, further studies showed, that dehardening occurred rapidly when mother-plants were shifted to their standard culture temperatures of 22-23°C, as apparent by a sharp decline in recovery of cryopreserved shoot tips.
In 1999, Vandenbussche et al. studied the effect of cold acclimation of mother plants on membrane lipid composition. These authors showed, when cryopreserving shoot tips of four sugar beet clones, that cold acclimation, which induced higher survival compared with non-cold acclimated shoot tips, was correlated with an increase in the insaturation ratio of membrane lipids.
Preculture/Pretreatment
As has already been shown with various plant species, and illustrated here with results obtained recently on Prunus shoot tips (Barraco et al., 2012) , cold-hardening of mother-plants (which was three weeks long in this case) could be efficiently replaced by extending the duration of shoot tip preculture on medium with high sugar concentration from three days in the original technique to seven days. Such an increase in the preculture duration led to a similar regrowth percentage as that obtained using the original technique.
The nature of the sugar employed during preculture can have a strong impact on recovery of cryopreserved explants, as shown with oil palm somatic embryos (Dumet et al., 1994) . Among the nine sugars or sugar-alcohols employed during the 7-day preculture, sucrose, fructose and galactose produced comparable high recovery. Glucose, raffinose and sorbitol produced low recovery and no regrowth was achieved with ribose, lactose or maltose.
A study performed by Zhu et al. (2006) on banana proliferating meristem cultures showed some of the effects of the 2-week sucrose pretreatment employed in the cryopreservation protocol. Following sucrose pretreatment, the total free fatty acid content of meristem cultures increased in three cultivars, 'Cachaco', 'Williams' and 'Obino l'Ewai' while it was not modified in the fourth cultivar, 'Mbwarizume'. Similarly, this latter cultivar showed a lower increase in total sugar content after the sucrose pretreatment, compared with the other cultivars. When looking at the effect of sucrose pretreatment on shoot regeneration after cryopreservation, it appeared that pretreatment had a positive effect on regeneration of the three cultivars in which free fatty acid and soluble sugar contents had been most modified, while no regeneration was achieved, with and without pretreatment in case of the fourth cultivar in which no or lower changes had been noted in fatty acid and soluble sugar content.
A very interesting improvement to this step of a cryopreservation protocol has been proposed recently by Uchendu et al. (2010) . This consisted in adding vitamin E, vitamin C or both vitamins together, which have antioxidant properties, to various steps of the protocol, including pretreatment as well as loading and unloading. Addition of vitamin E to the pretreatment, loading or unloading medium significantly improved regrowth of cryopreserved blackberry shoot tips. This regrowth increase was correlated with a decrease in the level of malondialdehyde, a lipid peroxidation product in cryopreserved shoot tips treated with vitamin E, thus demonstrating that vitamin E protected membranes against oxidation. Similar results were achieved by these authors when using vitamin C or a combination of vitamins C and E.
Cryoprotection
For cryoprotection, Kim et al. (2009a) developed a series of alternative loading solutions (LS) composed of sucrose and glycerol at various concentrations. Compared to the standard LS, which comprises 2 M glycerol and 0.4 M sucrose (Nishizawa et al., 1993) , these alternative solutions provided similar regeneration percentages in the case of garlic apices, which are highly tolerant to osmotic stress. However, in the case of chrysanthemum shoot tips, which are very sensitive to osmotic stress, the standard LS induced 53.9% regeneration, whereas LS containing 1.9 M glycerol and 0.5 M sucrose led to significantly higher regeneration. The use of alternative loading solutions may thus be of high interest for sensitive materials.
In a similar manner, Kim et al. (2009b) tested a range of alternative vitrification solutions derived from PVS2 (Sakai et al., 1990) and from PVS3 (Matsumoto et al., 1994) . In the case of cryopreserved garlic apices, over 50% regrowth was achieved with all vitrification solutions tested. PVS3-derived solutions gave higher regrowth than PVS2-derived ones. When comparing the original PVS2 solution with PVS2-derived ones, it appeared that PVS2 was not the best performing solution. In the case of sensitive chrysanthemum shoot tips, regrowth percentages were generally lower compared to garlic. The original PVS3 solution led to the highest regeneration. In the case of PVS2 and PVS2-based solutions, some alternative solutions produced significantly higher regrowth than the original PVS2. However, it should be noted that using a solution containing 30% glycerol, 20% DMSO, 20% ethylene glycol and 15% sucrose, which is only slightly different from PVS2 led to complete absence of regeneration. The availability of this large range of vitrification solutions will facilitate the selection of efficient treatments for sensitive materials.
A series of different analytical tools have been used to study the effect of cryoprotectants. For example, using HPLC, Kim et al. (2004) measured the evolution of DMSO concentration in garlic apices during treatment with the PVS2 vitrification solution and during unloading, showing that influx and efflux of this substance were very rapid.
Histological techniques have also provided new information on the effect of cryoprotectant treatments. A recent work performed by Salma et al. (unpublished) in our laboratory used cellular imagery techniques to quantify cell plasmolysis in hairy roots of Rubia akane after each step of a droplet-vitrification protocol. Measurements performed on selected cells of root apical and central segments showed that the main plasmolysis effect occurred during the loading treatment for root apical segments while it took place already during the sucrose preculture in root central segments. However, in both cases, treatment with the PVS2 vitrification did not induce any major additional plasmolysis, except in the case of more internal pericycle cells of root apical segments.
Interesting observations on the effect of cryoprotectant treatment were also made using real time microscopy (RTM) using the procedure developed by Gallard et al. (2008) . This procedure uses a custom-made microscope slide with a small chamber in which fresh samples are placed. A capillary connected to the chamber allows injecting cryoprotectant solutions and a video camera mounted on the microscope allows recording any event taking place in the sample following injection of the solution.Preliminary experiments performed with fresh sections of Rubia akane hairy roots allowed observing a general contraction of the whole section following injection of PVS2 solution in the chamber (Salma et al., unpublished) .
Cooling/Warming
As regards cooling and warming, the generally accepted recommendation that the higher the cooling and warming rates the better should be emphasized. The achievement of such high cooling and warming rates is one of the keys to the success of the recently developed droplet-vitrification and cryoplate techniques, where explants are in direct contact with liquid nitrogen during cooling and with the unloading solution during warming.
In experiments performed with garlic apices, Kim et al. (2006) showed that the combinations of procedures ensuring the highest cooling and warming rates, i.e. immersion of samples in LN or nitrogen slush for cooling and immersion of explants in preheated unloading solution produced significantly higher regeneration than other procedures including lower cooling and/or rewarming rates.
Recovery
As regards recovery, some simple tests, which are more directly related to in vitro culture than to cryopreservation itself, can lead to dramatic improvement in the results of cryopreservation experiments. For example, Kami et al. (2010) compared the effect of different mineral solutions including MS at various dilutions, White, B5, N6 and WPM on regrowth of cryopreserved Cardamine yezoensis shoot tips. Significant differences were noted between the various solutions tested, with WPM and one quarter strength MS producing the highest regeneration.
Recently, we performed experiments in IRD Montpellier, which aimed at testing the effect of recovery media containing various growth regulator combinations on the growth of yam in vitro shoot tips (Engelmann-Sylvestre et al., unpublished) . Among the four media tested, we observed that after one month, a medium containing a mixture of 24 epibrassinolide and gibberellic acid (GA 3 ), produced the longest shoots and significantly reduced the oxidation level compared to the other media. After two months in culture, the same medium also induced the production of better-developed plantlets with shoots and roots.
In cryopreservation experiments, the main focus is often on quantitative aspects, meaning that the objective is to achieve as high recovery percentages as possible. However, qualitative aspects should also be taken into consideration when developing a cryopreservation protocol, as they may reflect the regrowth pattern sought. For example, experiments under way in our laboratory with date palm proembryogenic masses cryopreserved using the dehydration-cryoplate technique (Salma et al., unpublished) showed that survival after cryopreservation was similar for desiccation periods between 60 and 150 min. However, regrowth intensity was significantly higher after 150 min dehydration indicating that quantitative data needs also be considered for selection of dehydration periods.
Another example of the importance of qualitative aspects of cryopreservation is the work of Zhao et al. (1999) , which compared the regrowth of apple in vitro shoot tips cryopreserved using a two-step procedure, vitrification or encapsulation-dehydration. Data included both the total regrowth percentages achieved and also the regrowth type, either without or with callusing. Based on both quantitative and qualitative data, the technique selected for further application was encapsulation-dehydration because it ensured both the highest regrowth percentage and the best regrowth quality, since no callusing was observed during recovery, contrarily to what was observed with two-step cooling and vitrification.
Importance of Technical and Climatic Conditions
In conclusion, as regards the establishment of cryopreservation protocols, a range of efficient techniques are available, which can be adapted to different technical conditions and climatic environments. An example, which was already mentioned earlier, is the replacement of cold acclimation by sucrose preculture (Barraco et al., 2012) . This would allow successfully cryopreserving Prunus shoot tips, even if no cold culture room is available.
Another example concerns the cryopreservation of sugarcane shoot tips in a humid tropical climate. We have shown that it is possible to achieve regrowth using both encapsulation-dehydration and droplet-vitrification, the latter technique providing lower results with the clones studied, compared with encapsulation-dehydration (Barraco et al., 2011) . However, it was impossible to obtain reproducible conditions for physical dehydration of encapsulated shoot tips. It may thus be recommended to use the dropletvitrification technique after proper optimization, as it includes osmotic dehydration, which must be much more reproducible in such an environment.
CONCLUSION
We now have techniques, which are better adapted to cryopreservation of sensitive explants. By ensuring very high cooling and warming rates, the droplet-vitrification (Panis et al., 2005) and cryoplate techniques (Sekizawa et al., 2011) may allow using less drastic cryoprotective treatments. The Dehydration-cryoplate technique offers the advantage of not using highly concentrated vitrification solution . Using cryoplates may also facilitate the manipulation of samples compared to many other techniques.
Finally, we have seen that many parameters can be studied to optimize cryopreservation protocols. They can be related to the protocol itself, for example by using alternative solutions or by adding antioxidants to the cryoprotectant solution. They can concern the explants themselves, by using e.g. shoot tips of different sizes or by conditioning the mother-plants on which shoot-tips will be sampled. They can also consist in modifying the recovery medium used after cryopreservation.
So, today we have at hand a broader range of technical solutions to allow us establishing more efficient and user-friendly protocols for cryopreservation of vegetatively propagated plant species.
From a more fundamental point of view, many priorities for research can be identified. An obvious priority research area is that of gene expression in relation with cryopreservation. Contrarily to many other plant research disciplines, for which genomics has become a standard approach, it is only very recently that genomic research has started being used to study gene expression in relation to cryopreservation. Volk et al. (2011) have been the first to explore this domain and have taken the lead in this research area. Based on preliminary work performed on the expression of selected genes during cryopreservation of yam shoot tips (Engelmann-Sylvestre et al., unpublished) it should be underlined that changes in gene expression should be studied not only including a recovery period after the treatment but also excluding it. After a recovery period, we will be able to see which metabolic pathways are modified between treated and untreated explants. It will be especially interesting to observe differences between recovering and dead explants. However, we should also look at gene expression changes induced by the different treatments, without including a recovery period. Performing both groups of analyses will provide complementary information on the metabolic pathways modified by the treatments themselves and during recovery.
Another very interesting research area, which is closely related to the previous one, is genetic transformation in relation to cryopreservation where limited papers have been published. Genetic transformation will be very useful to validate candidate genes involved in dehydration and cryotolerance, and such studies can result in improvements of a cryoprotocol through the addition of specific compounds in the preculture medium, in the recovery medium and or in the cryoprotectant solutions. This was shown recently by Gonzalez-Arnao et al. (2011) using shoot tips of genetically engineered chrysanthemum shoot tips.
Finally, it will be very interesting to study the cellular impact of cryopreservation protocols. Indeed, we still know very little about very important points such as, for example, the penetration of cryoprotectants in plant cells. Do the so-called "penetrating cryoprotectants" actually go through the plasma membrane and enter the intracellular domain or do they remain in the extracellular space during cryoprotection? What about changes in the state and amount of water in cells and tissues during cryoprotection? Various techniques such as NMR microscopy, immunolocalization and others, should help us to provide answers to such questions. Innovative techniques such as RTM should also provide additional information on the dynamics of cellular events occurring during cryopreservation protocols.
In conclusion, plant cryopreservation has a very bright future, both in terms of large-scale application for the conservation of plant biodiversity and in terms of fundamental research.
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